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Fig. 1.3: Response of magnetic susceptibility of diamagnetic material (a) with applied field and (b)
temperature [1].
1.5.2 Paramagnetism

Paramagnetic materials are those materials that shows attraction toward externally
applied magnetic field. In the absence of external magnetic field these materials show no
net magnetic moment. In paramagnetic materials, adjacent magnetic moments are
randomly oriented to each other but in the presence of external magnetic field they produce
internal induce magnetic field parallel to that of applied magnetic field as shown in Fig.
1.4. When external magnetic field is removed, these materials show zero net magnetization.
Paramagnetism arises due to the presence of unpaired electrons in an atom. Paramagnetic

materials show positive susceptibility [9].

(a} =0

Fig. 1.4: Magnetic moment for paramagnetic materials (a) in absence and (b) presence of external magnetic
field [10].





































































SYNTHESIS AND CHRACTERIZATION TECHNIQUE

First of all 1 weighted the Chromium Nitrate Cr{NO3),.9H2Q and Cobalt Nitrate
Co(NO3)2.6H20 in stoichiometric amount and dissotved them in ethanol in first beaker.
Secondly, I took citric acid (CsHzO7.H20) and distilled water in second beaker with molar
ratto of 1 : 4 while citric acid was taken in molar ratio of 1 : 1 with nitrates. Then I have
started stirring both the solutions to get well dispersed, uniform mixture, When
CsHsO7.H20 completely gets disolved into the distilled water we added it dropwise into the
first beaker pH of the solution was checked and kept around 5 to 6. I have added ammonia
{NH3) into the solution to maintain it’s pH. After establishing the required pH value, the
solution was heated upto 80°C. After heating the solution, a gel was formed. In order to
remove mist from the gel, gel was placed in the oven for 12 h. The dried gel was grinded
and then anealed at 900 °C for 2 h in order to get desired Mn doped cobalt chromite
nanoparticles [34]

3.3 Characterization techniques

Different type of characterizing tools can be used for the analysis of nanoparticles
such as X-ray diffraction {(XRD) used for the structural analysis of nanoparticles. TEM is
used to examine the particle size, composition and shape. Vibrational properties of sample
has been studied by using Fourier Transform Infrared Spectroscopy (FTIR). For Magnetic
measurements, Superconducting quantum interference device (SQUID) magnetometer is

used.

3.3.1 X-ray diffraction (XRD)

X-rays are highly energetic radiations. Energy of these rays is between 200 eV to 1
MeV. In electromagnetic spectrum these rays lie between gamina rays and ultraviolet (UV)
radiations [61]. X-rays was first discovered by WC Roentgen in 1895 [62]. Wavelength of
x-rays ranges from 0.5 A to 10 A. Longer wavelength of x-ray spectrum is known as soft
x-rays (0.5 - 1 A) while shorter wavelength of x-ray spectrum is referred as hard x-tays (1
- 10 A). X-rays are non-destructive for crystal geometry and are being used to know about
the crystal structure of solids, including lattice constant and geometry [63]. X-rays are
produced in x-ray tube as shown in Fig. 3.3. There are four necessary condition for the
production of x-rays: Production of electrons, Production of high speed electrons, Focusing

electrons, stopping of high speed electrons.
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RESULTS AND DICSUSSION

Chapter 4

Results and Discussion

4.1 Introduction

Multiferroics are material that possess both ferroelectric and ferromagnetic
ordering at the same temperature. In these type of materials, electric field takes control
of magnetic dipoles while magnetic field took control of electric dipoles [80, §1]. Co-
existence of these two states has gained much more attention in scientific research
socity. Due to their unique physical and chemical properties, these materials are
favourable for applications such as data storage, transformer cores, spintronic and
humidity sensors [35, 45, 82]. Multiferroic cobalt chromite (CoCr204) nanoparticles
belongs to spinel family which exhibits the ferroelectric and ferromagnetic coupling
[49, 83]. General formula used for spinel compound is AB2Ojs where A is a divalent
cation which occupies the tetrahedral lattice site while B is trivalent cation located at
octahedral lattice sites of a crystal respectively [34]. In CoCr;04 nanoparticle unit cell,
there are 32 oxygen ions, 64 tetrahedral lattice sites are available out of which 8 are
filled while 16 octahedral lattice sites are filled out of 32. These nanoparticles contain
ferrimagnetic nature [35]. Different type of exchange interactions take place between
A (tetrahedral) and B (octahedral) lattice sites of these nanoparticles such as Jaa, Jas
and Jpp. JpB interaction is strongest among all other interactions which controls the
magnetic properties of CoCr;04 nanoparticles [84]. There are also three phase
transitions in CoCr204 nanoparticles which occurs at different temperatures that
includes paramagnetic to ferrimagnetic phase transformation at Critical temperature
{Tc), long range spiral order at (Ts) and lock-in transition state at (Tr). Dutta et al. [84]
observsed two magnetic transitions in sonochemically synthesized CoCr204
nanoparticles at Tc= 84 K and Ts~ 22 K but bulk CoCr204 exhibit these two at Tc=98
K and Ts~ 26 K. Decrease in Tc and Ts is attributed to finite size effect. Chandana er
al. [37] reported that CoCr2Qq4 nanoparticle prepared by co-precipation method shows
paramagnetic state to superparamagnetic state while bulk shows paramagnetic to long
range order ferrimagnetic state at Curie temperature (Tc¢). Tc and Ts remains the same
as the particle size reduced from bulk to nanoscale range. Kamran et al. [34] studied
the structural and magnetic properties of multiferroic Co1.xMgxCr204 nanoparticles.
ZFC/FC magnetization curves at x = 0 for CoCr2Os4 showed paramagnetic to
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ferrimagnetic transition at Tc = 97 K and spiral magnetic order at Ts =30 K. Tc and Ts
shows decreasing trend with increasing x followed by an additional AFM transition at
Tn=15 for x = 0.6. At x = 1, system changes into highly frustrated AFM structure due
to formation of pure MgCra Q.

Afzal er al. [85] prepared Cr203 and MnCr2O4 by chemically driven sol-gel
synthesis route. Magnetic properties of sample were investigated by varying the
external magnetic field and temperature. Cr203 has shown paramagnetic behavior at
300 K temperature and also at 5 K. In MnCr,04 nanoparticles, paramagnetic to
ferromagnetic phase transition takes place at Tc ~ 50 K. Zhou et al.[86] examined the
magnetic properties of MnCr;O4 while focusing on the spin spiral transition around Ts.
It was noticed that magnetic behaviour around Ts inhibits at higher magnetic fields.
Externally applied magnetic field upto 5 T has not affected the spin spiral state as
observed by specific heat measurement. Upon the application of external pressure at 5
K, coercivity increases which suggest us the increasing strength of spin spiral state. It
was found that as we decrease the temperature at Ts spiral component develops
perpendicular to the direction of parent ferrimagnetic state and it has not facilitated in
increasing the saturation magnetization of the material.

Mn doping effect on magnetic properties of CoCr204 nanoparticles has not been
investigated extensively so, we have doped Manganese (Mn) into CoCr20s
nanoparticles. Qur primary focus is to check the doping effect of Mn on magnetic phase
transition temperatures such as Tc, Ts and Tr. Mn is a basically paramagnetic material
with unfilled ‘d’ orbital which follow John Teller effect which will cause geometric
distortion in CoCr204 crystal structure. Also, Magnetic moment of Mn is large (5 ps)
as compared to cobalt (3 ps) [87] so it will tend to increase the saturation magnetization
of CoCr2Q4. Aakash er al. [88] synthesized Mn doped Nickel ferrite nanoparticles by
co-precipitation technique. XRD data shown an increase m lattice constant with the
increasing concentration of Mn in the sample due to large ionic radii of Mn (0.83 A) as
compared to Ni (0.79 A). Williamson - Hall plot revealed the strain effect produced in
crystallographic structure of NiFe;O4 nanoparticles due to large ionic radii of Mn.
Magnetization studies shows that sample possess very low magnetocrystalline
anisotropy coupled with ferrimagnetic nature.

In this research thesis, we will study the doping effect of Mn on structural,
vibrational and magnetic properties of CoCr204 nanoparticles. XRD technique is used
for structural analysis, TEM is used to study the morphology, FTIR is used for the
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change in cationic distribution of tons. With increasing concentration of Mn, it causes
the migration of Co from tetrahedral site to octahedral site. At octahedral site, there is
large bond length and also lattice expansion takes place due to replacement of smaller
Co®™"ion (0.74 A) [87] by larger Mn®" ion (0.83 A) [88] which causes an increase in

crystallite size of nanoparticles.

[ N M N |

11
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Fig. 4.3: FTIR spectra of Co1..Mn,Crz04 nanoparticles.

4.5 Magnetic properties
To investigate the magnetic properties of Mn doped CoCr204 nanoparticles,
Superconducting quantum interface device (SQUID) magnetometer is used. ZFC/FC
curves and M-H loops are taken for the analysis of magnetic properties of these

nanoparticles.

4.5.1 Zero field and field cooled magnetizations

Temperature dependent magnetic properties of Mn doped CoCr:04
nanoparticles are studied by using ZFC/FC curves. Fig. 4.4 depicts ZFC/FC curves of
Mn doped Cobalt chromite nanoparticles at 50 Oe field. Being multiferroic material,
CoCr;04 nanoparticles has shown different phase transitions: paramagnetic to
ferrimagnetic state at 100 K, short range conical spin spiral state at 30 K and lock-in
transition state at 10 K. It behaves paramagnetic material above 100 K. Increase in
magnetization below spiral state, suggest the superparamagnetic behavior of CoCr204
nanoparticles as explained by Rath ef af [37]. The temperature dependent magnetic
transitions produced by CoCr204 nanoparticles are very near to prepared by Kamran
et al [50]. The negative magnetization is observed at x = 0 and x = 0.2 Mn
concentration which is attributed to the presence of uncompensated snins at grain

boundariesc a1 ja s nd/c appe ma 1 Tzl e space
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having large hysteresis loop area. The observed value of saturation magnetization and
coercivity of CoCrO4 nanoparticles is 5.05 emu/g and 4.4 kOe, respectively. Fig. 4.5
(b) display the vanation of saturation magnetization (Ms) of CoCrz04 nanoparticles
with different concentration of Mn. As we increase the Mn concentration in the
nanoparticles, Ms also starts increasing and the maximum value of Ms is found for
MnCr,O4 nanoparticles. The value of Ms for all concentration of Mn x = 0.2, 0.4, 0.6,
0.8 and at 1 are 7.35, 12.15, 17.32, 19.92 and 28.82 emu/g, respectively. Fig, 4.5 (c)
shows variation of coercivity (Hc) of CoCr20s4 nanoparticles with different
concenfration of Mn. The value of coercive field shows decreasing trend with
increasing concentration of Mn. The maximum value of Hc is found for CoCr204
nanoparticies. The value of He for all concentration of Mn x = 0.2, 0.4, 0.6, 0.8 and
at 1 are 3.5, 1.7, 0.97, 0.47 and 0.16 kOe, respectively. Increasing concentration of
Mn suggests that all crystallites in material have the same direction, which causes
increase in magnetization and lower value of coercivity. Mn belongs to soft magnetic
materials. Magnetic moment of Mn is 5 pp and of Co is 3 pp due to which
magnetization increases with the increasing concentration of Mn in CoCr204
nanoparticles. It also affects the coercivity and remanent magnetization of
nanoparticles [87]. Coercivity of nanoparticles is related to magnetocrystalline
anisotropy  characteristic. CoCr204 nanoparticles have high value of
magnetocrystalline anisotropy as compared to Mn that’s why it shows high value of
coercivity but as Mn concentration increases in sample coercive field start decreasing.
This dramatic decrease in Hc suggest that sample show superparamagnetic like

behaviour,
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He (kOe)

0.0 vA (18] 0.8 1.0

Mn concentration (x)
Fig. 4.5: (a) M- H Loops of Co1..Mn,Cr:04 nanoparticles (b) Variation of saturation magnetization

(Ms) and (c) coercivity (Hc) with different Mn concentration (x). In (b) and (c), line just shows the
trend.

51






REFERENCES

References:

[1] Chemistry.tutorvista.com/inorganic-chemistry/solid-state.html.

[2] T. Shinjo, Nanomagnetism and Spintronics, Elsevier Science, 2013.

[3] B.D. Cullity, C.D. Graham, Introduction to Magnetic Materials, Wiley, 2009.

[4] IM.D. Coey, Magnetism and Magnetic Materials, Cambridge University Press,
2004.

[5] T.L.Francavilla, R.A. Hein, D.H. Liebenberg, Magnetic susceptibility of
superconductors and other spin systems, Springer Science & Business Media, 2013.
[6] C. Mullins, Magnetic susceptibility of the soil and its significance in soil science a
review, Eur. J. Soil Sci. 28 (1977) 223-246.

[7] V. lacovacci, G. Lucarini, L. Ricotti, A. Menciassi, Magnetic Ficld-Based
Technologies for Lab-on-a-Chip Applications, in: Lab-on-a-Chip Fabrication and
Application, InTech, 2016.

[8] C. Heck, Magnetic materials and their applications, Elsevier, 2013.

[9] A. Abragam, B. Bleaney, Electron Paramagnetic Resonance of Transition lons, by
A. Abragam and B. Bleaney, 1970.

[10] N.A. Spaldin, Magnetic materials: fundamentals and applications, Cambridge
University Press, 2010.

[11] F. Martin-Heméndez, E.C. Ferré, Separation of paramagnetic and ferrimagnetic
anisotropies: A review, J. Geophys. Res.: Solid Earth 112 (2007).

[12] Z.-F. Guo, K. Pan, X.-J. Wang, Electrochromic & magnetic properties of electrode
materials for lithium ion batteries, Chin Phys. B 25 (2015) 017801.

[13] G. Rangarajan, Materials science, Tata McGraw-Hill Education, 2004.

[14] D. Jiles, Introduction to magnetism and magnetic materials, CRC press, 2015.
[15] A.G. Arani, ZK. Maraghi, A feedback control system for vibration of
magnetostrictive plate subjected to follower force using sinusoidal shear deformation
theory, Ain Shams Eng. J. 7 (2016) 361-369.

[16] T. Moriya, Nuclear magnetic relaxation near the Curie temperature, Prog. Theor.
Phys. 28 (1962) 371-400.

[17] S. Zollner, T.N. Nunley, D.P, Trujillo, L.G. Pineda, L.S. Abdallah, Temperature-
dependent dielectric function of nickel, Appl. Surf. Sci. (2016).

[18] D.R. Askeland, W.J. Wright, Essentials of materials science & engineering,
Cengage Learning, 2013.

53













[59] V.M. Rotello, Nanoparticles: building blocks for nanotechnology, Springer
Science & Business Media, 2004.

[60] V. Pareek, A. Bhargava, R. Gupta, N. Jain, J. Panwar, Synthesis and Applications
of Noble Metal Nanoparticles: A Review, Advanced Science, Engineering and
Medicine, 9 (2017) 527-544.

[61] C. Suryanarayana, M.G. Norton, X-ray diffraction: a practical approach, Springer
Science & Business Media, 2013.

[62] A.G. Ghom, Textbook of Oral Radiology-E-Book, Elsevier Health Sciences, 2017.
[63] G. Cao, Y. Wang, Nanostructures and nanomaterials: synthesis, properties, and
applications, World Scientific, 2004.

[64] P. John, Textbook of oral medicine, JP Medical Ltd, 2014,

[65] O.E. Langland, R.P. Langlais, J.W. Preece, Principles of dental imaging,
Lippincott Williams & Wilkins, 2002.

[66] R.L. Myers, The basics of physics, Greenwood Publishing Group, 2006.

[67] B. Basu, Biomaterials Science and Tissue Engineering: Principles and Methods,
Cambridge University Press, 2017.

[68] H. Moynihan, A. Crean, Physicochemical Basis of Pharmaceuticals, Oxford
University Press, 2009,

[69] H. Alipooramirabad, A. Paradowska, R. Ghomashchi, A. Kotousov, M. Reid,
Quantification of residual stresses in multi-pass welds using neutron diffraction, J.
Mater Process. Techn. 226 (2015) 40-49.

[70] H. Abudayyeh, .Synthesis and Analysis of ZnO Nanowires, 2012

[71] Engineering Physics(for Anna University),1/e, Pearson Education.

[72} B.C. Smith, Fundamentals of Fourier transform infrared spectroscopy, CRC press,
2011.

[73]J. Clarke, A.IL Braginski, The SQUID Handbook: Fundamentals and Technology
of SQUIDs and SQUID Systems, Wiley, 2004.

[74] J.F. Annett, Superconductivity, superfluids and condensates, Oxford University
Press, 2004,

[75] V. In, A. Palacios, Symmetry in Complex Network Systems: Connecting
Equivariant Bifurcation Theory with Engineering Applications, Springer, 2017.

[76] D. Feng, G. Jin, Introduction to condensed matter physics, World Scientific, 2005.
[77] A.L. Figueroa, Magnetic Nanoparticles: A Study by Synchrotron Radiation and RF
Transverse Susceptibility, Springer, 2014.

57






